The phosphorus in high-phosphorus (>0.1% P) iron ores from the Pilbara area of Western Australia is mainly associated with the goethite fraction of the ore. Physical separation methods and simple leaching processes do not remove sufficient phosphorus from the ores to meet market specifications of 0.075% P. Processing to disrupt the goethite structure to make the phosphorus amenable to leaching is necessary.
Introduction
Australia produces large quantities of iron ore from the Pilbara area of Western Australia for export as a blast furnace feedstock for smelting to produce iron. It is desirable to have a low phosphorus level in the iron ore since it can affect the quality of the steel produced. 1) While methods for removing phosphorus from molten iron exist, 2) a number of factors such as financial penalties and market access make it attractive to ensure that phosphorus is removed from the iron ore prior to its use in smelting.
Market specifications for phosphorus in iron ore exported from Australia are typically 0.075% P.
3) The bulk of production is a blend of low-phosphorus (<0.07% P) martite-hematite ores and the more common high-phosphorus (>0.07% P) martite-goethitic ores.
4) The former is the major component of the blend, but reserves of this ore type are limited and it has been predicted that the premium grade ores could be depleted by 2 030. 3) It is estimated 5) that while there are 20.4 billion tonnes of low phosphorus ore (<0.07% P) in Western Australia, along with 10.3 billion tonnes of medium phosphorus ore (0.07-0.10% P), there are 8.0 billion tonnes of high phosphorus ore (>0.10% P). This ore with elevated phosphorus levels is near to existing infrastructure but is under developed because the phosphorus levels are above acceptable market specification. The development of a successful, economic process to remove phosphorus from the high phosphorus ore would significantly extend the reserves of high grade low phosphorus Australian ores. 3) Any process for removing the phosphorus will depend on the deportment of the phosphorus in the ore. While microscopic inclusions of apatite have been found in some Australian ores, by far the major occurrence of phosphorus is thought to be within the goethite (α-FeOOH) fraction [6] [7] [8] and the phosphorus concentrations are considered to reflect the original amounts of the mineral apatite (Ca5(PO4)3OH) in the ore. 9) Goethite in the Pilbara ores was formed during supergene metasomatic replacement of fine-grained chert and other gangue minerals in the ore, initially precipitating as ferrihydrite, with subsequent dehydration and recrystallisation to form goethite. 8) Phosphorous is considered to have been present originally in the ore as the mineral apatite. 9) During supergene weathering, especially under acidic conditions, the original apatite dissolved releasing phosphate ions into the groundwater. 8) While some of this phosphorus may have re-precipitated as secondary apatite or other secondary phosphate minerals, 10) much of the phosphorus occurring in the iron ore is associated with the goethite. 8) The phosphorus is considered to be mainly located in a texturally distinct goethite phase (termed ochreous goethite) that commonly contains impurity elements such as silicon and aluminium. 8, 11) While high levels of phosphorus have been found in ISIJ International, Vol. 52 (2012), No. 5 some samples of vitreous goethite, where dehydration and recrystallisation of the goethite has occurred in natural deposits, these phosphorus levels are generally lower.
8)
The precise mechanism causing elevated phosphorus levels in goethite remains unclear although it seems likely that the phosphorus is adsorbed onto the growing surfaces of gel-like precursors that crystallise as goethite during the enrichment of the ore. 4, 8) Natural goethitic typically contains impurities elements such as silicon and aluminium. Recent research 12) proposed that phosphorus may also be incorporated into the goethite structure by a coupled substitution mechanism with phosphorus and aluminium in the sites typically occupied by two silicon atoms, in the ochreous goethite structure.
Phosphorus may be removed from iron ore by size specific separations (e.g. by using a hydrocyclone) where the phosphorus preferentially reports to the fine size fractions after crushing or by using other beneficiation processes that separate goethite.
11) While this approach may be useful in some cases, the variable nature of the partitioning of the phosphorus, and the loss of iron units, significantly limits the likelihood of broad application of this technique.
While leaching processes with acids or alkalis have been shown to remove phosphorus from iron ores where the phosphorus is present as apatite, [13] [14] [15] simply leaching highphosphorus goethitic iron ores does not remove sufficient amounts of phosphorus.
Thermal processing to disrupt the structure of the goethite has been shown to be effective in making the phosphorus associated with goethite available to a leachant solution and a number of researchers have removed phosphorus from iron ores by leaching after a high temperature roast. 2, 16) Heating a Western Australian iron ore as lumps (P80 = 5.6 mm) and, as pellets of less than 1.5 mm and less than 0.15 mm in size, to 1 250°C and then leaching with 0.1 M H2SO4 at 60°C for 5 h lowered the phosphorus content in the samples from 0.126% P to 0.044, 0.055 and 0.042% P, respectively. 3) In other work, heating pellets of an Australian iron ore at 1 000-1 300°C in air was found to concentrate the phosphorus as distinct blebs in the ore. The roasted ore was leached with 0.1-0.5 M H2SO4 at 60°C or 0.5 M NaOH at 90°C for 1-5 h to reduce the phosphorus content from 0.11 to <0.06% P. 17) Phosphorus also concentrates in a dicalcium silicate phase in iron ore sinter produced at 1 300°C. Leaching with 1 M HCl at ambient temperatures for 18 h lowered the phosphorus levels in the sinter from 0.13 to 0.04% P. 18) Iron ores have also been heated with various additives and then leached to remove phosphorus. When a concentrate of Lisakovsk ore was heated with (caustic) soda at 850-950°C and leached with water, the phosphorus content was lowered from 0.94 to 0.14-0.17% P.
19) The amount of soda added was not indicated. When a limonitic iron ore was heated with additives at 500-1 200°C (900°C was the best temperature) for 0.2-2 h and leached with sulphuric, hydrochloric or nitric acids (3.9-5.2 wt%) at 30°C for 5-30 min, phosphorus levels were lowered from 0.42 to 0.02-0.08% P depending on the additive. 20) Additives employed in an amount ranging from 5-15 wt% were bromides, fluorides or chlorides of alkaline and alkaline earth metals, ammonia, manganese, zirconium, copper and lithium. The best additives were claimed to be calcium chloride, manganese chloride, magnesium chloride, strontium chloride and barium chloride.
It has further been reported 21) that the phosphorus contents of an iron ore can be lowered from 0.16 to 0.07% P by heating the ore at 300°C for 1 h with 9-60 wt% sodium carbonate and leaching with water. It was also claimed that other inorganic bases including alkali metal hydroxides, carbonate and bicarbonates and mixtures of them were also efficient additives.
In the current study, the effects of a heat treatment with sodium hydroxide followed by leaching with water, and a caustic leach of material heated without an additive, on the removal of phosphorus from goethitic iron ores were investigated. The study aimed to demonstrate that the phosphorus content of the ore can be lowered to a marketable level using a low temperature heat treatment.
Experimental

Samples
Three West Australian high phosphorus iron ore fines (-6.3 mm) designated ore 1, ore 2 and ore 5 were used in this work. Ores 1 and 2 are examples of high phosphorus Brockman Iron Formation in the Pilbara and ore 5 was a high grade ore from within the Yilgarn Iron Province. Samples for the test work were prepared by splitting representative sub-samples from the ores as received. These were reduced in size by screening and dry grinding the oversized material in a ring grinder. Small samples for individual tests were split from the ground samples.
Methods
Sub-samples of the ores were heated in a platinum boat in a tube furnace in air at the required temperature, usually for 1 h. When required, sodium hydroxide was added and mixed with the ore as a solution and the solids were predried at 100°C before heating. For additions of 25 and 50 wt% NaOH the sodium hydroxide was added as a solid prill. After the required time at temperature, the sample was allowed to cool in the furnace. The heated samples were leached in a glass reaction vessel fitted with a stirrer, a condenser and a thermocouple. The leachant and sample were heated to temperature using a heating mantle and then leached for the required time. Typically, leach times were 3 h, at the boiling with a pulp density of either 0.5 wt% or 25 wt%. After leaching, the liquor was cooled and the leach product was filtered, washed with distilled water, dried and prepared for analysis.
Analytical
Solid samples for chemical analysis were ground in a tungsten carbide ball-mill and analysed as fused beads using a wavelength dispersive X-ray fluorescence spectrometer (XRF). The percent phosphorus removed from the ore in the heat and leach treatments was calculated using the XRF head assay and the XRF assay for the leach product after normalising with the iron assays to compensate for water loss during heating.
Phases present in the samples were identified from x-ray diffraction (XRD) patterns collected on ground samples © 2012 ISIJ with a multipurpose diffractometer fitted with a graphite monochromator and employing Cu Kα radiation. The x-ray tube was operated at 40 kV and 40 mA with 1° divergent and scatter slits, a 0.3 mm receiving slit and soller slits in the incident and diffracted beams. For quantitative analyses, XRD step-scan intensity data sets were collected in the 2θ range from 5° to 140° at intervals of 0.02° with a counting time of 4 sec per step. Quantitative phase analyses were performed using the Rietveld program, SR5.
22)
Results
Sample Characterisation
The high phosphorus iron ore fines (-6.3 mm) used in this work contained 0.146% P (ore 1), 0.123% P (ore 2) and 0.161% P (ore 5). The XRF assays in Table 1 indicate that compositions of ore samples 1 and 2 were similar and they contain higher levels of silica and alumina impurities than ore 5. In the Brockman Iron Formation ores, the majority of the phosphorus is considered to be in the ochreous goethite. 8) When individual particles with different physical properties (i.e. colour and hardness) were selected from ore 1, XRF analyses indicated that the soft yellow ochreous particles contained 0.25-0.28% P compared with 0.146% P in the bulk sample. Small specks of individual grains of apatite were identified by electron microscopy in ore 1. However, as the calcium assay for this sample was 0.03 wt% CaO, if all the calcium was in apatite, then the maximum level of apatite in the sample would be only about 0.01 wt%.
X-ray diffraction analysis data for the samples in Table 2 indicate the iron minerals present in ore 1 and ore 2 were goethite (35-39 wt%) and hematite (Fe2O3) (55-60 wt%). A small amount (6 wt%) of kaolinite (Al2Si2O5(OH)4), was also identified. Ore 5 was composed mainly of goethite (66 wt%) and hematite (31 wt%) together with a small amount (3 wt%) of magnetite (Fe3O4).
Heating with Sodium Hydroxide and Water Leach-
ing It has been reported that, after heating an iron ore at 300°C with sodium carbonate, phosphorus can be removed in a subsequent water leach. 21) When ore 1 was heated with sodium hydroxide at 300°C for 1 h and leached with water at a pulp density of 0.5 wt% solids, the results in Fig. 1 show that increasing amounts of phosphorus were removed with increasing additions of sodium hydroxide. The results indicate that an addition of 10 wt% NaOH was sufficient to achieved a leached product with <0.075% P.
For an addition of 10 wt% NaOH to iron ore 1, the results in Table 3 confirm that phosphorus removal to a level of <0.075% P can be achieved with a water leach after heating at 300 or 350°C for 1 h, with only a small increase in phosphorus removal at a higher heating temperature of 500°C. With a heating temperature of 300°C, this level of phosphorus removal can be achieved after a heating time of 0.5 h, while heating for up to 4 h gave no improvement in phosphorus removal. While most of the phosphorus dissolved within 15 min in a water leach at 60°C, there was a small continuing increase in phosphorus dissolution up to 3 h. n.i. = not identified. 
The results in Table 4 indicate that lower additions of sodium hydroxide in the heating step are possible if the leach is carried out with a solution of sodium hydroxide. For a heat treatment at 300°C for 1 h with addition of 2.5 wt% NaOH, a product with 0.081% P was obtained from a leach with 0.1 M NaOH, while with an addition of 10 wt% NaOH the corresponding leach product contained 0.040% P. Increasing the concentration of sodium hydroxide in the leach solution increased the phosphorus removal.
Results in Table 4 show that adequate phosphorus removal can also be obtained with a caustic leach of ore heated without the addition of sodium hydroxide. The results in Fig. 2 show similar phosphorus removal from ore 1 by heating with 10 wt% NaOH and leaching with water compared to heating without sodium hydroxide and leaching with 5 M NaOH, for heating temperatures up to 1 000°C. Under both conditions a heating temperature of 300-350°C was sufficient to obtain a leach product with 0.075% P. Previous work conducted on ore 1 23) indicated that for leaches with 1 M NaOH, heating the ore above 800°C was necessary to obtain a leach product with 0.075% P or lower.
Heating and Caustic Leaching
The data in Table 5 for the heating of ore 1 without the addition of sodium hydroxide indicate that, in order to obtain a leach product containing <0.075% P, the sample should be heated at 300-350°C for more than 0.5 h and be leached with at least 2.5 M NaOH at the boiling point for 3 h. Heating ore 1 for up to 2 h, or at higher temperatures up to 750°C, as shown in Fig. 2 , did not improve the amount of phosphorus removed by the caustic leach.
The temperature of the leach had a significant effect on the amount of phosphorus removed and it can be seen in Table 5 that leaching below the boiling point resulted in significantly less phosphorus being removed after 3 h. There was rapid dissolution of phosphorus over the first 15 min of the leach with little further phosphorus dissolution after 1 h leaching at 60°C (Fig. 3) .
For the leaches at 0.5 wt% solids, as well as removing the phosphorus, over 60% of the silicon and aluminium were also removed. However the results in Table 5 for leaches at 25 wt% solids (a more typical commercial pulp density) show that while the removal of phosphorus from the heated ore was not greatly affected, virtually no silicon nor aluminium were removed.
Phosphorus removal from ore 2 was similar to that from ore 1 except that a leach with only 1 M NaOH was sufficient to give leach products with phosphorus assays similar to those achieved with a 5 M NaOH leach of heated ore 1.
24)
The assay data in Table 6 show that similar amounts of phosphorus (0.055-0.06% P) were removed from both ore samples by leaching with 1 M NaOH leach, while 0.07-0.08% P was removed in a 5 M NaOH leach. The lower sodium hydroxide concentration required for ore 2 to achieve 0.075% P in the leach product is considered to reflect its lower initial phosphorus content.
Leaches with sodium hydroxide were carried out at 25 2 . Effect of heating temperature on phosphorus levels in leach products from ore 1 heated and leached at 0.5 wt% solids for 3 h at the boiling point. © 2012 ISIJ wt% solids with the three ores heated at 300 or 350°C for 1 h. Sodium hydroxide additions were made during these leaches to maintain a steady pH during the leach, as would be the procedure in a commercial operation. The results in Table 7 show that with increasing additions of sodium hydroxide (i.e. at higher pH values) in the leach, higher phosphorus removal was achieved. For ore 2, an addition of 9.8 kg NaOH/t ore gave a leach product with 0.089% P, and 0.071% P with addition of 20 kg NaOH/t ore. An addition of 20 kg NaOH/t ore to ore 1 (with a higher initial phosphorus content) gave a product with 0.101% P, and a higher addition did not increase the phosphorus removal. With ore 5, having an even higher phosphorus content, an addition of 30 kg NaOH/t ore gave a product with 0.126% P and 0.112% P with 50 kg NaOH/t ore. The results in Table 6 for heated ore 2 show that leaching with potassium hydroxide also resulted in removal of phos- phorus, although not to the same extent as achieved in the corresponding leach with sodium hydroxide.
Discussion
The results presented in this article indicate that phosphorus can be removed from goethitic iron ores by leaching with an alkali after heat treatment. The concentration of sodium hydroxide used in the leach depended on the amount of phosphorus required to be removed from the ore and so was higher for ores with high phosphorus contents and when lower levels of residual phosphorus were required in the processed ore. For the three ore samples used in this work a heat treatment at 300-350°C for around 1 h was sufficient to produce good phosphorus removal in the leach.
The results of XRD analysis of heated samples in Table  8 show that the goethite levels in the sample decreased on heating above 250°C, and heating at 300°C for at least 0.5 h resulted in almost total conversion of the goethite to a hematite phase. These phase changes are in line with the extent of phosphorus removal from the samples after heating at the different temperatures.
The heating treatment results in dehydration of the goethite and its conversion, through several intermediate phases, to hematite. A schematic sequence of the conversion has been presented 25) with decomposition of goethite commencing at 150°C and transforming into hematite intermediates; firstly into 'protohematite' (Fe 2 O 2.4 (OH) 1.2 ), in a temperature range of 250-400°C, then to 'hydrohematite' (Fe 2 O 2.73 (OH) 0.55 ), between 430 and 700°C and ultimately to hematite (above 800°C). In the samples used in this study, XRD patterns indicated that the conversion of goethite to hematite intermediates had commenced at 250°C and was substantially complete after 0.5 h at 300°C.
In nickel laterite ore containing nickel associated with the goethite component of the ore, it has been found 26) that dissolution of iron and nickel was significantly increased in acid leaches after heating the ores at temperatures of 340-400°C. It was proposed that the increase in metal dissolution was partly due to an increase in surface area due to the development of micropores from dehydroxylation of the goethite during the heating and partly to an overall increase in structural disorder.
Caustic leaching of phosphorus from goethitic ores is anticipated to follow a similar mechanism. At low temperatures (300°C) the goethite transforms to protohematite increasing both the porosity and the structural disorder of the iron phase which in turn enables the leachant to react with any phosphorus phases that are more readily leached. The low solubility of iron at the high pH values of the leach results in no detectable leaching of iron. With increasing temperatures above 800°C a dense hematite phase is Decrease in phosphorus assay relative to the assay for the head sample. formed, and in this structure the phosphorus can no longer be accommodated. As a consequence, the phosphorus is rejected from the hematite and becomes accessible for leaching, resulting in lower phosphorus levels in the leach product with higher temperatures (as shown in Fig. 2) . The results have shown that the addition of sodium hydroxide in the heat treatment gave good phosphorus removal as did leaching with sodium hydroxide after a simple heat treatment. However, comparing the data in Table 3 and Table 5 , it can be seen that sodium levels in the leach products when sodium hydroxide was added in the heat treatment were much higher than when there was no sodium hydroxide added. This presumably results from the formation of water-insoluble sodium species during the heat treatment with sodium hydroxide present. These high levels of sodium may be detrimental in a blast furnace feed. In view of this result, and additional issues associated with heating ore with sodium hydroxide on a commercial scale, it is considered that a simple heat treatment and a leach with sodium hydroxide would be the more attractive approach, even though sodium hydroxide usage may be higher.
Summary
Results from a study of the effects of a thermal transformation of goethite in iron ores and leaching in caustic solutions on the phosphorus levels in the residual ore have been presented. The study demonstrated that low temperature heating, followed by a caustic leach, reduced the phosphorus levels in the ore to below 0.075% in two of the three ores evaluated.
Phase changes in the goethite during heating enables an increased dissolution of the phosphorus in the leach. The target phosphorus levels were reached with a heat treatment at 300-350°C for 1 h with the addition of 10 wt% NaOH, followed by a water leach. Heating at up to 500°C, with heating times of 0.5 h to 4 h gave no improvement in phosphorus removal.
The target level was also reached by leaching with an alkali after heating. For example, a heating pre-treatment around 300°C and a caustic leach with 1-5 M NaOH resulted in removal of the phosphorus to give leach products containing 0.075% P or lower.
Heating to 350°C resulted in dehydroxylation of the phosphorus containing goethite and the formation of a 'protohematite' intermediate phase from which phosphorus was leached. Factors strongly affecting phosphorus levels in the leach product included the original phosphorus levels of the ore, leaching temperature and the levels of sodium hydroxide addition. Increasing the thermal treatment time or heating at temperatures up to 750°C did not significant improve phosphorous leaching. Heating above 750°C enables goethite transformation to a dense hematite phase which in turn increases phosphorus leaching in caustic solutions.
